Horseradish peroxidase (HRP) enzyme was effectively encapsulated onto an Fe 3 O 4 nanoparticle-polymethyl methacrylate (PMMA) film via the casting method. The HRP was immobilized on the 0.5% Fe 3 O 4 Np-PMMA film and characterized by Fourier transform infrared spectroscopy and field emission scanning electron microscopy. Moreover, the reusability, thermal stability, optimum pH, optimum temperature, the influence of metal ions, and the effects of detergent and organic solvent were investigated. After optimizing the immobilization conditions, the highest efficiency of the immobilized enzyme was 88.4% using 0.5% Fe 3 O 4 Np-PMMA. The reusability of the immobilized HRP activity was 78.5% of its initial activity after being repeatedly used for 10 cycles. When comparing the free and immobilized forms of the HRP enzyme, changes in the optimum temperature and optimum pH from 30 to 40 • C and 7.0 to 7.5, respectively, were observed. The Km and Vmax for the immobilized HRP were estimated to be 41 mM, 0.89 U/mL for guaiacol and 5.84 mM, 0.66 U/mL for H 2 O 2 , respectively. The high stability of the immobilized HRP enzyme was obtained using metal ions, a high urea concentration, isopropanol, and Triton X-100. In conclusion, the applicability of immobilized HRP involves the removal of phenol in the presence of hydrogen peroxide, therefore, it could be a potential catalyst for the removal of wastewater aromatic pollutants.
Introduction
Enzymes are macromolecules that catalyze the most complex chemical reactions under particular and defined conditions. However, enzymes also have limitations regarding their non-biological applications such as their industrial applications. Therefore, enzymes for some industrial processes must be immobilized. A technique which has different roles in soluble enzymes. The immobilization of an enzyme is an important technique to minimize the inhibition caused by reaction materials, reaction products, solvents, inhibitors, or any environmental conditions that affect the soluble enzyme. Moreover, enzyme immobilization techniques result in excellent enzyme properties such as high functional and uptake stability, high selectivity, enhanced sensitivity, better short-term response, and extraordinary reproducibility [1, 2] .
Peroxidases able to oxidize a range of organic compounds via a single oxidation step being initiated by a single electron [3] ; they are ubiquitously present in plants, fungi, and vertebrates [4] . Peroxidases oxidize phenols and aromatic amines and convert them to less water-soluble compounds. This ability has potential applications in separating cancer-causing phenols and aromatic amines from industrial waste. Peroxidases may be employed in the bioremediation of xenobiotics (including polycyclic aromatic hydrocarbons and dioxins) and aromatic compounds [5] [6] [7] . The applicability of peroxidases includes their antioxidant properties [8] , as indicators in the food industry [9, 10] , in the synthesis of conducting materials [11] , and as bio-electrodes [12] . Factors that limit the use of the peroxidases as biocatalysts during industrial processes include their weak stability during industrial usage and their inhibitory effects in the presence of high hydrogen peroxide concentrations [13] . Overcoming these limitations promotes the uses of such enzymes in industrial processes. Despite peroxidase being a ubiquitous enzyme, its role as a biocatalyst in industrial and commercial fields is limited due to its instability under operative conditions and inhibition in the presence of high concentrations of the reaction substrate [13] . To be effective in commercial applications, peroxidase development is important. Magnetic nanomaterials have gained much attention regarding the immobilization of proteins/enzymes due to their specific properties, including a high surface area to volume ratio, as well as possessing super-magnetic properties, and their easy separation capabilities under external magnetic fields [14, 15] . Fe 3 O 4 is considered to be the most commonly used nanoparticle due to its minimum toxicity and high biocompatibility [16, 17] . This study aims to invent a new, cost-effective method for HRP enzyme immobilization by encapsulating horseradish peroxidase (HRP) on an iron magnetic nanoparticle-polymethyl methacrylate (Fe 3 O 4 Np-PMMA) film using the casting method to describe the physical characterization and biochemical properties of free and immobilized HRP in order to improve its optimal conditions and retain its activity.
Results and Discussion
Nanoparticles provide important remedies for contradictory issues, such as the highest surface area per unit of weight, high enzyme loading, and minimal diffusion limitations, which are usually encountered during enzyme adsorption optimization. Besides the enhanced performance characteristics, the important behaviors of the nanoparticles also highlighted the interesting transition region between homogeneous and heterogeneous catalysis [18] . Magnetic nanomaterials were used in protein immobilization in various capacities [16, 19] ; for example, non-modified magnetic Fe 3 O 4 nanoparticles were physically immobilized on peroxidase, preserving 55% of original activity after being used 10 times [20] . Figure 1 shows a schematic illustration of HRP encapsulation onto a magnetic Fe 3 O 4 Np-PMMA film via casting. Figure 2a shows the effect of nanoparticle concentration on the efficiency of the immobilization. The highest immobilization efficiency (88%) was detected with the 0.5% magnetic Fe 3 O 4 Np film. Immobilization efficiency was improved by increasing the proportion of Fe 3 O 4 Np to around 0.5% and then decreasing. Jun et al. [21] and Mohamed et al. [22] reported that the peroxidase was immobilized on modified multi-walled carbon nanotubes and amidoximated acrylic polymer with an immobilization efficiency of 81.74% and 70%, respectively. The loss of immobilized-HRP activity when the magnetic Fe 3 O 4 Np concentration was increased was attributed to the multiple attachments points of the enzyme to the polymer film [23] . An important benefit of immobilization is that enzyme are easy to reuse. Immobilized HRP enzyme was reused 10 times with the residual activity reducing with repeated use. As Figure 2b shows, the immobilized enzyme on the 0.5% Fe 3 O 4 Np-PMMA film retained 78.5% of its original activity after 10 uses, while the immobilized enzymes on the 1% and 2% Fe 3 O 4 Np-PMMA films retained 31% and 14% of the initial activity, respectively, after being reused 10 times. Moreover, immobilized HRP on free PMMA was completely inhibited after 10 cycles. This decreased activity was caused by the inactivation of the enzyme, which was induced by protein denaturation and high substrate concentrations [24] . Zhang and Cat [25] and Yu et al. [26] demonstrated that the HRP immobilization on Fe3O4/nanotubes composites Catalysts 2020, 10, 181 3 of 14 and amino-functionalized bacterial cellulose retained 65% and 70% of the original activity after 6 and 10 times, respectively.
intensity in the range of 1145-1240 cm −1 are due to the C-O-C stretching vibration. Other typical PMMA peaks appeared at 1435, 1058, 986, 841, and 771 cm −1 . Upon mixing Fe3O4 with PMMA using a solvent casting method as presented in the experimental section, the fact that some bands could not be observed due to the Fe3O4 components may have been due to its involvement in functional group interactions and/or the low concentration. However, the bands due to the PMMA in the composites appeared with high intensity but with a slight shift compared with the non-mixed PMMA sample. Furthermore, mixing HRP with Fe3O4Np-PMMA nanocomposites resulted in a lower peak intensity with a slight shift of the bands, indicating the immobilization of HRP on the Fe3O4Np-PMMA film. On the other hand, the characteristic bands of PMMA appeared at 2994, 2950, and 2841 cm -1 due to the stretching vibrations of C-H present in CH 3 and CH 2 , respectively. A strong band due to the carbonyl ester of the PMMA appeared at 1724 cm −1 . Other characteristic bands of PMMA appeared with high intensity in the range of 1145-1240 cm −1 are due to the C-O-C stretching vibration. Other typical PMMA peaks appeared at 1435, 1058, 986, 841, and 771 cm −1 . Upon mixing Fe 3 O 4 with PMMA using a solvent casting method as presented in the experimental section, the fact that some bands could not be observed due to the Fe 3 O 4 components may have been due to its involvement in functional group interactions and/or the low concentration. However, the bands due to the PMMA in the composites appeared with high intensity but with a slight shift compared with the non-mixed PMMA sample. Furthermore, mixing HRP with Fe 3 O 4 Np-PMMA nanocomposites resulted in a lower peak intensity with a slight shift of the bands, indicating the immobilization of HRP on the Fe 3 O 4 Np-PMMA film. The SEM morphological micrographs samples of Fe3O4Np, Fe3O4Np embedded into a PMMA film, and HRP encapsulated in an Fe3O4Np-PMMA film are shown in Figure 4 . Figure 4a shows that the pristine Fe3O4 nanoparticles were polydispersed and significantly aggregated. Figure 4b shows that the Fe3O4Nps in the PMMA matrix were fairly well dispersed, indicated by the white dots. This sheet contained very rough Fe3O4Np surfaces and a strong interface with the polymer. The sonication and fabrication processes before casting triggered this distribution. Figure 4c displays various magnification images of the casted film after HRP immobilization. The film showed a very rugged, Figure 4 . Figure 4a shows that the pristine Fe 3 O 4 nanoparticles were polydispersed and significantly aggregated. Figure 4b shows that the Fe 3 O 4 Nps in the PMMA matrix were fairly well dispersed, indicated by the white dots. This sheet contained very rough Fe 3 O 4 Np surfaces and a strong interface with the polymer. The sonication and fabrication processes before casting triggered this distribution. Figure 4c displays various magnification images of the casted film after HRP immobilization. The film showed a very rugged, fractured surface, which may have been due to the Fe 3 O 4 Np enzyme encapsulation. The Energy-dispersive X-ray (EDX) patterns of the Fe 3 O 4 Np/PMMA-HRP are shown in Figure 4d . Fe 3 O 4 encapsulations within the polymer film and restricted X-ray beam penetration depth were due to the poor iron signal. Figure 5 presents the storage stability of the HRP immobilized on the 0.5% Fe 3 O 4 Np-PMMA film, since this sample exhibited the best immobilization efficiency. The immobilized enzyme was kept in refrigerator at 4 • C for 3 months. As shown in the results, the enzyme retained about 59% of its activity after 2 months of storage, decreasing to 28.8% after 3 months of storage, while the activity of the free enzyme decreased to 7.3% after 2 months of storage and was inhibited completely after 75 days of storage. Darwesh et al. [27] reported that the peroxidase immobilization on magnetic nanoparticles retained 40% of the initial activity after stored for 90 days at 4 • C, while it lost all activity after 120 days at the same temperature. Relative to the free form, the immobilized HRP on the 0.5% Fe 3 O 4 Np-PMMA film was more efficient regarding the oxidation of o-dianisidine, guaiacol, o-phenylenediamine, p-aminoantipyrine, pyrogallol, and 2,2 -azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) Catalysts 2020, 10, 181 5 of 14 (Table 1) , therefore, enhanced oxidation was observed in immobilized HRP. The order of the oxidation activity was as follows: o-phenylenediamine > o-dianisidine > p-aminoantipyrine > pyrogallol > ABTS. These results indicated that the immobilization of the enzyme did not affect the substrate's binding site in the enzyme. Similar findings were reported by Mohamed et al. [20] .
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The influence of metals on the free and immobilized-HRP on a 0.5% Fe 3 O 4 Np-PMMA film was evaluated ( Table 3 ). Fe 3+ demonstrated high activation in the immobilized HRP relative to the free HRP. Cu 2+ also showed similarly high activation effects for the immobilized HRP but had a small inhibitory effect on the free HRP. All of the metal ions studied displayed a moderate inhibitive effect on immobilized HRP compared to free HRP, with the exceptions of Hg 2+ , Cd 2+ , and Pb 2+ , which showed significant inhibitory effects on free HRP. Zn 2+ had a strong inhibitory effect on immobilized HRP, but overall inhibited free HRP activity. Therefore, HRP immobilized on an Fe 3 O 4 Np-PMMA film was shown to be more resistant than the free form to 5 mM metal ions. The stability of the HRP immobilized on an Fe 3 O 4 Np-PMMA film against many metal ions demonstrated that such an enzyme could be used even in the presence of heavy metals to treat aromatic pollutants; similar results were reported by Mohamed et al. and Lobarzewski et al. [20, 38] .
The effects of some organic materials on immobilized HRP are presented in Table 4 . Numerous findings demonstrated that the protein unfolded through a direct interaction between the urea molecule and the peptide backbone via non-covalent interactions involved in the maintenance of the protein's conformational structure [39, 40] . The effect of increasing the urea concentration on free and immobilized HRP activity was investigated. HRP immobilized on the Fe 3 O 4 Np-PMMA film showed high resistance toward urea induced inactivation relative to the free form. The immobilized HRP maintained 89% and 58% of its activity at 2.0 and 4.0 M urea, respectively, while the exposure of free HRP enzyme to 2.0 and 4.0 M urea led to a loss in activity of around 36% and 72%, respectively. These findings were in line with the resistance of non-modified Fe 3 O 4 magnetic nanoparticle-HRP [20] and chitosan-HRP [41] against 4.0 M urea. The activity of the immobilized HRP showed high stability when exposed to Triton X-100 compared to the free HRP. Several studies reported that the immobilized peroxidase was significantly stable against denaturation induced by common detergents [20, [41] [42] [43] . The activity levels of free and immobilized HRP were evaluated in the presence of isopropanol, which induced minor inhibition on the activity of immobilized HRP in comparison with free HRP. Similar results were reported by [20, [41] [42] [43] . The influence of metals on the free and immobilized-HRP on a 0.5% Fe3O4Np-PMMA film was evaluated ( Table 3 ). Fe 3+ demonstrated high activation in the immobilized HRP relative to the free HRP. Cu 2+ also showed similarly high activation effects for the immobilized HRP but had a small inhibitory effect on the free HRP. All of the metal ions studied displayed a moderate inhibitive effect on immobilized HRP compared to free HRP, with the exceptions of Hg 2+ , Cd 2+ , and Pb 2+ , which showed significant inhibitory effects on free HRP. Zn 2+ had a strong inhibitory effect on immobilized HRP, but overall inhibited free HRP activity. Therefore, HRP immobilized on an Fe3O4Np-PMMA film was shown to be more resistant than the free form to 5 mM metal ions. The stability of the HRP Enzyme re-usage and the effects of some compounds on the immobilized HRP by encapsulation onto an Fe 3 O 4 Np-PMMA film were compared with HRP-immobilized on non-modified Fe 3 O 4 Np, which was recently published [20] . Table 5 shows that HRP immobilized by encapsulation onto an Fe 3 O 4 Np-PMMA film was able to be reused 10 times, in comparison to 5 times for HRP immobilized on non-modified Fe 3 O 4 Np. The two kinds of immobilized enzymes showed high resistance against metals. HRP-immobilized on the Fe 3 O 4 Np-PMMA film exhibited higher affinity for the substrate compared with HRP-immobilized on non-modified Fe 3 O 4 Np. HRP immobilized on Fe 3 O 4 Np-PMMA film showed more resistance to Triton X-100, urea and isopropanol compared with HRP-immobilized on non-modified Fe 3 O 4 Np. Phenolic compounds are considered to be a major pollutant in industrial wastewaters, therefore, immobilized and free-HRP were used as catalysts to activate H 2 O 2 to degrade phenol. As shown in Figure 8 , after 50 min of incubation, the immobilized-HRP showed higher efficiency regarding the removal of phenol than the free HRP. Similar findings were reported in previous works [22, 44] . immobilized on non-modified Fe3O4Np. Phenolic compounds are considered to be a major pollutant in industrial wastewaters, therefore, immobilized and free-HRP were used as catalysts to activate H2O2 to degrade phenol. As shown in Figure 8 , after 50 min of incubation, the immobilized-HRP showed higher efficiency regarding the removal of phenol than the free HRP. Similar findings were reported in previous works [22, 44] . 
Experimental Section

Materials
In this study, we followed the procedure given by Mohamed [45] , where horseradish peroxidase (HRP) was purified from horseradish cv. Balady. Materials include dichloromethane (DCM), (puriss. p.a., ACS reagent, reag. ISO, ≥99.9%), polymethyl methacrylate (PMMA) average Mw -966,000) and magnetic Fe3O4-nanopowder (99.99% trace-metal basis) were purchased from Sigma-Aldrich.
Peroxidase Assay
To evaluate the peroxidase activity, we choose Yuan and Jiang's method [46] . A total of 1 mL of reaction mixture contained 40 mM guaiacol, 50 mM sodium acetate buffer (pH 5.5), and 8 mM H2O2, in the lowest enzyme preparation quantity. After every 30 s, the absorption disparity due to the 
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Peroxidase Assay
To evaluate the peroxidase activity, we choose Yuan and Jiang's method [46] . A total of 1 mL of reaction mixture contained 40 mM guaiacol, 50 mM sodium acetate buffer (pH 5.5), and 8 mM H 2 O 2 , in the lowest enzyme preparation quantity. After every 30 s, the absorption disparity due to the oxidation of guaiacol was observed. The operation per one unit of peroxidase was specified as the quantity of enzyme that increased the optical density (O.D) to 1.0 per min under standard assay conditions.
Procedure for Immobilization
The immobilization supporting materials were prepared by dissolving PMMA in an organic solvent, Dichloromethane (DCM) was doped with different concentrations of the magnetic Fe 3 O 4 nanomaterial. A total of 2 mg of HRP enzyme (50 units, representing 541.8 units/mg of proteins) was mixed with the fabricated supporting matrix at room temperature. The solution was cast in a glass Petri dish and left to dry overnight at ambient temperature to evaporate the solvent. Finally, the film was carefully washed with distilled water to remove all the protein.
To calculate the percentage of relative enzyme activity, the following formula was used: Relative enzyme activity (%) = activity of immobilized enzyme/initial activity of enzyme × 100%
Characterization
The morphological characteristics of the supporting material and immobilized enzymes were examined using a field emission scanning electron microscope (FESEM), (JEOL 6700, Japan) at an accelerating voltage of 5 kV. Fourier-transform infrared spectroscopy (FTIR), (Thermo Scientific) was used to probe the chemical compositions of the fabricated samples.
Reusability of Immobilized Enzymes
The procedure for the reusability of enzyme immobilization was performed by repeating the process for at least 10 cycles. The initial activity of the enzyme was considered to be the control, i.e., 100%, to calculate the remaining enzyme activity 3.6. Physicochemical Characterization of the Enzyme
Optimal Temperature and pH
The optimal pH for the activity of both forms of enzymes was estimated by assaying the enzymatic activity at different pH values (4.5-9). The enzymes were assayed at temperatures from 25 to 80 • C with 100% being the maximum activity used as a reference for the immobilized and free HRP.
Thermal Stability
Free and immobilized HRP enzymes were incubated at different temperatures in the range of 258-0 • C for 15 min in 5 mM sodium acetate buffer at a pH of 6.5 to examine the thermal stability. Then, both forms of the enzyme were cooled for 5 min. H 2 O 2 and guaiacol were added to estimate the enzyme activity, where 100% was considered to be the highest level of activity.
Kinetic Constant
The kinetic parameters of the free and immobilized HRP enzymes were determined using different concentrations of H 2 O 2 and guaiacol as substrates. The values of the maximum velocity (Vmax) and Michael's constants (Km) were estimated from Lineweaver-Burk plots.
Substrate specificity
Substrate specificity was determined by incubating the immobilized and free HRP enzymes with different substrates.
Effects of Metal Ions
The effects of different metal ions on the activity of both forms of the peroxidase enzyme were estimated. Enzymes were pre-incubated in 5 mM of various metal ions for 15 min before evaluating the activity of enzyme. The enzyme activity without the presence of a metal ion was considered to be 100%.
Effects of Different Organic Compounds
The enzymatic activity levels of the free and immobilized HRP enzymes were measured using Triton X-100, 2-propanol, and urea. The activity of enzymes unexposed to the compounds was considered to be 100%.
Phenol Removal Determination
A colorimetric assay of the concentration of phenol was performed using the reaction between the samples and 4-aminoantipyrine [47, 48] . The reaction mixture (1.0 mL) of the phenolic compound assay included a 50 µL solution of phenol (2.0 mM), which was transferred to a test-tube containing immobilized and/or free enzyme, as well as 700 µL Tris-HCl buffer at 20 mM concentration and a pH of 7.0. The reaction was started with 100 µL of H 2 O 2 solution (4.0 mM). After a designated time, the sample was removed to analyze the phenolic content by adding 50 µL of the 4-aminoantipyrine (2.0 mM), and potassium ferricyanide reagent (6.0 mM) to the Tris-HCl buffer solution (20 mM, pH 7.0). At 510 nm, spectrophotometer absorption was performed at room temperature after 15 min of incubation. To determine the percentage of phenol removed, the reaction of the mixture was left for 2 min intervals. Each set of assays included a blank containing a reagent similar to 4-aminoantipyrine, distilled water, and potassium ferricyanide. The non-enzymatic rate reactions were calculated by observing the rate of phenol degradation by adding H 2 O 2 to the corresponding phenolic compound.
Conclusions
The factors that influenced the enzymatic properties of HRP included the chemical and physical characteristics of the support, as well as the process of immobilization. In summary, a magnetic Fe 3 O 4 Np-PMMA film was prepared via the casting method and the characteristics of immobilized HRP were detected. HRP was immobilized and encapsulated onto a 0.5% Fe 3 O 4 Np-PMMA film, showing very good reusability and a high immobilization yield. From these results, it was concluded that the immobilized HRP encapsulated on the magnetic nanoparticle-polymer was more stable during denaturation induced by pH, urea, metal ions, heat, organic solvent, and detergent. Immobilized HRP could be a powerful agent for the elimination of aromatic compounds from wastewater. The immobilized HRP on magnetic Fe 3 O 4 Np-PMMA offered promising results regarding phenol removal and amperometric phenol biosensors.
